In insects, rapidly evolving primary sex-determining signals are transduced by a conserved regulatory module producing sex-specific proteins that direct sex determination and sexual will facilitate the development of transferable genetic control strategies in these species, for example sterile male releases or sex-ratio-distorting gene drives.
Introduction
The Tephritidae family includes 5000 species, dozens of which are invasive and highly relevant agricultural pests of fruits and crop. Ceratitis capitata (medfly) is one of the most destructive members of this taxon, affecting over 200 plant species. The most successful method to control the medfly, the Sterile Insect Technique (SIT) 13 , involves the continuous mass-release of laboratory-reared sterilized males that suppress, or even eradicate wild populations by mating with wild females. A key determinant to the success of SIT programs, has been the close physical linkage of selectable traits to the Y-linked M factor in so called genetic sexing strains, that were generated to enable sex separation on a massive scale and thus the mass male release 14 . The development of similar strains in other Tephritid pest species however has been difficult, inhibiting the transfer of SIT or related genetic strategies.
Therefore identifying the M factor of the medfly and documenting its evolutionary origin and conservation in related pests also holds significant promise for establishing genetic control strategies in species where efficient population control methods are currently needed.
Results
We conducted the medfly M factor search by: 1) focusing on the 4-8 hours after egg laying (AEL) time window to assess embryonic transcription, the period when male sex determination is first established 15 ; 2) producing XX-only embryonic transcriptomes used as a control in the search for Y-specific sequences; 3) developing a PacBio-based male genome assembly from the Fam18 medfly strain 6 ,that has a short Y chromosome; and 4) searching for conservation of putative M factors in another Tephritidae, the olive fly Bactrocera oleae.
We found 19 candidate Y-chromosome derived transcripts that are expressed specifically in mixed-sex embryos, with no assigned reads from XX-only embryos ( Fig. 1a ; Extended Data Table 1 ; Supplementary Note 1). Seven of these transcripts did not map to the Fam18 male genome assembly and were excluded. Sequence similarity searches by BLASTn showed that three out of 12 transcripts had hits to XY but not XX embryonic transcripts from the related B. oleae. Furthermore, one of these (DN40292_c0_g3_i1) corresponds to one of the 28 transcripts previously identified by CQ approach 16 Supplementary Notes 1, 3 and 4). MoY expression begins at 2-3h AEL, prior to embryonic cellularization, with a transient peak at 15h and becomes undetectable by 48h (Fig. 1d ).
Transient silencing of MoY by embryonic RNAi microinjections resulted in the loss of malespecific Cctra transcripts in 8h AEL embryos (Extended Data Table 2 ; Supplementary Table   1 ). When we assessed Cctra splicing in injected 3-day-old XY larvae and adults we found a switching to the female-specific autoregulatory pattern 5 ( Fig ). Among adults, 38% of the XY individuals (14/37) displayed complete phenotypic feminization and 19% (7/37) had intersex phenotypes (Fig. 2c ). Phenotypic assignment of sex was based on the presence/absence of the pair of male-specific spatulae and of the femalespecific ovipositor. Individuals lacking the female-specific ovipositor and male-specific spatulae, or having both, were phenotypically classified as intersexes. To evaluate the fertility of these feminized XY individuals, crosses were established to XX fertile males, which were generated by silencing of Cctra 5 . This crossing strategy simplified the tracking of any Y chromosomes that were transmitted maternally (Extended Data Fig. 3 ). Among the 13 recovered XY females, 2 were fertile and transmitted their Y chromosome to male progeny (Supplementary Table 2 , female n. 26, Extended Data Fig. 3 , Extended Data Table 2 ). To our knowledge, this is the first experiment in an animal species with heteromorphic XY chromosomes, in which a functional Y chromosome was transmitted maternally (Extended Data Figure 3a ).
To further support the requirement of MoY for male sex determination, loss-of-function alleles were generated by embryo microinjections of Cas9 ribonucleoproteins 16 targeting a predicted 70-aa MOY coding sequence (Extended Data Table 2 ; Extended Data Fig. 4a ).
Indels near the sgRNA-target site of MoY were detected in genomes of G0 XY larvae and G0
XY intersexes (Extended Data Fig. 5a,b) . 50% of the XY individuals were transformed into phenotypic females (2/14) or intersexes (5/14) (Extended Data Fig. 4b -c, Extended Data Fig.   5b ). As above, G0 XY reverted females were crossed with XX males and one of these produced female-only G1 offspring as expected, including 3 XY and 18 XX females (Supplementary Table 3 Fig. 3b ).
Next, we investigated whether MoY is sufficient for male sex determination. A 5 kb genomic fragment, encompassing the MoY locus and flanking regulatory regions (Fig. 1c) , was injected as a linear PCR product or as circular plasmid into either XX-only or XX/XY embryos ( Fig. 2d ; Extended Data Table 2 ). As a result, male-specific Cctra splicing was artificially induced in XX individuals at embryonic, larval and adult stages ( Fig. 2d; Extended Data Fig. 6a-c) . In injection set number 4, 75% of emerging XX flies (9/12) were either fully masculinized into fertile XX males (3/12) or partially masculinized at the phenotypic or molecular levels (6/12) ( Supplementary Fig. 2 Methods.
Insects rearing and strains
The following medfly strains were used in this study: 1) the wild-type strain Benakeion Table 5 ). Differential gene expression was performed using edgeR 37 , with cut-off values of FDR < 0.05 and logFC > 0 (Supplementary Table 6 ).
Fam18 strain description
Due to the lower complexity of its shorter Y chromosome, the Fam18 strain (kindly provided by Dr Franz, FAO/IAEA, Austria), was used for PacBio sequencing of male genomic DNA.
This strain originated from a study by Willoefth and Table 7) . Conversely, the read counts for the control gene are comparable between the two strains.
Illumina short read WGS of C. capitata Fam18 strain
Five adult males and five adult females from the C. capitata Fam18 strain were collected and genomic DNA was extracted from the two sexed pools separately, as described below 40 . Each pool was sequenced with 1 lane of Illumina HiSeq2500 resulting in 243,152,822 male and 248,886,022 female 2x126-bp PE reads, respectively (BioProject PRJNA435549 in SRA archive).
Illumina short read WGS, trimming, error-correction and assembly
The Illumina raw short-read data for the males had approximately 126X coverage (assuming a genome size of 485Mbp). Trimmomatic v0. 
PacBio Whole Genome Sequencing (WGS) of C. capitata Fam18 strain
Five adult males from the C. capitata Fam18 strain were collected and genomic DNA was extracted using the Holmes-Bonner protocol 40 . Extracted genomic DNA was resuspended in 10 mM Tris-HCl, pH 8.5, and its integrity and purity were assessed using the NanoDrop 
PacBio WGS error-correction and assembly
PacBio DNA sequencing using P6-C4 chemistry for 20 SMRT cells was conducted;
extraction of sequences into FASTQ files was done by Dextractor (https://github.com/thegenemyers/DEXTRACTOR) with a minimum sequence quality parameter set to 400 produced ~32X genome coverage (assuming a genome size of 485Mbp)
with an average read length of 5,526 bp and a N50 length of 8,656 bp, and a maximum length of 68,782 bp. We combined all SMRT cells and then split the data into chunks of 400 Mb for cluster processing. The error correction was done by Proovread 44 using the corrected first reads from the PE short read data and the unitigs. We did not use the second reads as they were of lower quality and the additional coverage would have slowed down the error correction without improving the result. The only additional parameter set was coverage=62.
This resulted in a total of ~19X corrected sequences with an average read length of 2,855 bp, Tyramide amplification was carried out using the TSA™ Plus Fluorescein System (PerkinElmer) according to the manufacturer's instructions. The slides were incubated with tyramide working solution at RT for 20 min and then washed as described previously 46 .
Chromosomes were counterstained with 0.5 µg/mL DAPI (4′,6-diamidino-2-phenylindole;
Sigma-Aldrich, St. Louis, MO, USA) in 1× PBS at RT for 15 min. Finally, the slides were mounted in antifade based on DABCO (1,4-diazabicyclo(2.2.2)-octane; Sigma-Aldrich).
Chromosome preparations were observed in a Zeiss Axioplan 2 microscope (Carl Zeiss, Jena, Germany). Black-and-white images were captured separately for each fluorescent dye with a monochrome CCD camera XM10 using cellSens Standard software version 1.9 (both Olympus Europa Holding, Hamburg, Germany). The images were pseudo-coloured and merged using Adobe Photoshop CS5 (Adobe Systems, San Jose, CA, USA).
Evaluation of MoY expression via qRT-PCR: RNA isolation, cDNA synthesis and primer design
For the validation of the MoY gene expression, RNA was extracted from several developmental stages and tissues of the medfly. A pool of ~50 eggs were removed from the incubator at different time intervals throughout embryonic development. Each embryonic sample refers to the time after oviposition, at which eggs were collected in Extrazol (Nanogen Advanced Diagnostics, Turin, Italy). In total, 10 different embryonic time points, i.e. 1h, 2h, 3h, 4h, 5h, 6h, 7h, 8h, 15h and 48h, were examined in three biological replicates.
Regarding the other developmental stages, a pool of 10 per sample was collected for 1 st and 3 rd instar larvae respectively, whereas a pool of 5 per sample was collected for pupae, female adults, male adults, as well as for testes. These aforementioned samples were examined in either three or two biological replicates (in the case of male adult tissues).
Following RNA extraction, genomic DNA was removed using a DNase treatment with 1.0 unit of TURBO™ DNase (Invitrogen, CA) according to manufacturer's instructions. The total amount of DNA-free RNA obtained from each tissue was reverse transcribed using the PrimeScript RT reagent Kit (TaKaRa, Japan) according to manufacturer's instructions.
Reverse transcription was conducted at 37˚C for 15 min and 85˚C for 5 min. The resulting cDNA was used in the subsequent qPCR reactions. Specific primers were designed by IDT 48 . The β-tub gene was used to normalize expression in eggs, whereas Rpl19 for larvae, pupae, male and female adults respectively (Supplementary Methods Table 2 ). The qRT-PCR cycling conditions were: polymerase activation and DNA denaturation step at 95 °C for 3 min, followed by 50 cycles of 10 s at 95°C, 20 s at the annealing temperature, and 30 s at 72°C.
Each qPCR run was followed by a melting curve analysis (gradual increase of temperature between 55 and 95°C) to examine the specificity of each reaction. For all primers, a single gene specific peak was observed, confirming the absence of non-specific products or primer 
RNA extractions and RT-PCR on C. capitata
Total RNA was extracted from pools of embryos, larvae, and intersexes, and male and female adults using TRIzol Reagent (Thermo Fisher Scientific) following manufacturer instructions.
Oligo-dT-primed cDNA was prepared from DNase I-treated total RNA using EuroScript ® m-
MLV reverse transcriptase (Euroclone ®
. RT-PCR expression analysis was performed using primers described in Supplementary Methods Table 1 .
Splicing of Bdtra and Botra
Total mRNA was extracted from eggs 12 hours after injection and 3rd instar injected larvae Prior to the injection, the RNP complex was prepared by mixing 1.8 µg of purified Cas9 
MOY protein expression, purification and characterization
The MoY gene was amplified using a male adult C. capitata genomic DNA as template with 
Bactrocera spp. transcriptome assemblies and MoY orthologs search
Illumina RNA-seq data for 14 Bactrocera species were downloaded from NCBI SRA archive and de novo assemblies were produced using Trinity assembler 32 with default parameters and -normalize_reads and -jaccard_clip flags set. Assembly statistics and accession numbers of the utilized data set are listed in Supplementary (Table 1, 1#) showing male genitalia and a femalelike head, lacking the orbital setae (for wild type reference see Supplementary Fig. 2 ). d, XX-only embryonic injections of genomic DNA containing MoY is sufficient to induce male-specific splicing of Cctra, but not the buffer injection, compared to wild type adult flies. e, An example of a XX adult intersex showing female ovipositor and a male-like head, with orbital setae. 
